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Abstract
Studies of the non-thermal Galactic source population are essential to understand how and
where the bulk of cosmic rays are being accelerated and to understand the mechanisms underlying
very high energy (VHE, E>50 GeV) emitters [39, 51]. The plane of the Milky Way is rich with
supernova remnants (SNRs) and pulsar wind nebulae (PWNe) which are efficient accelerators of
cosmic rays (CRs) - whose interaction with the surrounding photon fields produces energetic γrays and neutrinos. SNRs and PWNe are some of the most powerful objects in our Galaxy and
because they emit at very high energies (VHE, E>50 GeV), γ-rays represent an excellent probe of
the non-thermal astrophysical processes in these objects.
Relativistic electrons (i.e. leptons) can produce γ-rays by non-thermal bremsstrahlung or by
inverse Compton scattering (IC) on ambient photon fields, whereas protons and heavier nuclei (i.e.
hadrons) can generate γ-rays by the process of pion decay, produced in collisions between relativistic
hadrons and ambient material. Understanding the particle population responsible for the observed
γ-ray emission can provide clues to the potential of CR acceleration as most cosmic rays are made
of protons or heavier nuclei (∼10% of all cosmic rays are leptons) so, if it can be established that
the γ-ray emission is hadronic in origin, then we can better understand the likelihood for hadron
CR acceleration in VHE objects.
In this thesis, we report on the investigation of a very high energy (VHE), Galactic γ-ray
source recently discovered at >50 GeV using the Large Area Telescope (LAT) on board Fermi. This
object, 2FHL J0826.1−4500, displays one of the hardest >50 GeV spectra (Γγ ∼ 1.6) in the 2FHL
sample, and a follow-up observation with XMM-Newton has uncovered diffuse, soft thermal emission
at the position of the γ-ray source. A detailed analysis of the available multi-wavelength data shows
that this source is located on the Western edge of the Vela supernova remnant: the observations
and the spectral energy distribution modeling support a scenario where this γ-ray source is the
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byproduct of the interaction between the SNR shock and a neutral Hydrogen cloud. If confirmed,
this shock-cloud interaction would make 2FHL J0826.1−4500 a promising candidate for efficient
particle acceleration. This work has been recently published in the Astrophysical Journal [30].
In chapter 1, the objective of this thesis is introduced. In chapter 2, SNRs and PWNe are
explained in detail with a focus on the Vela SNR - the closest composite SNR to Earth. In chapter 3,
we discuss the main instruments used to obtain the γ-ray and X-ray data, namely XMM-Newton and
the Fermi-LAT. Chapter 4 describes the data reduction process and spectral analysis and a multiwavelength description of 2FHL J0826.1−4500 is presented in chapter 5. Chapter 6 tests the spectral
energy distribution (SED) of the source, attempting to determine the dominant parent particle
population to better understand its emission mechanisms. In chapter 7 we report our conclusions
on 2FHL J0826.1−4500 and emphasize important properties that still need to be probed in order to
best answer the underlying question: if 2FHL J0826.1−4500 is an efficient particle accelerator, can
we safely establish if this is a site generating fresh CRs or does the energetic environment favor a
scenario where pre-existing CRs are being re-accelerated here?
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Chapter 1

Introduction
Several deep observations have been performed to study the Galactic plane in the TeV energy
band with facilities like the H.E.S.S., MAGIC, and VERITAS ground-based Cerenkov telescopes
[8, 13, 14, 37]. These surveys led to the discovery that the Galactic plane is rich with TeV γ-ray
emission from objects leftover after supernova explosions, such as pulsar wind nebulae (PWNe) and
supernova remnants (SNRs) [5, 19, 33, 50].
Recently, the Pass 8 [11] event level reconstruction and analysis has enabled the Fermi Large Area Telescope (LAT) to achieve comparable performances to the aforementioned facilities at
energies above 50 GeV, reaching an average sensitivity in the plane of ∼ 2% of the Crab flux (only
slightly less sensitive than H.E.S.S. in this energy energy band, see [36]) with a localization accuracy
better than 30 for most sources [9]. Fermi ’s main advantage is that it has surveyed the entire sky, and
hence the Galactic plane, with uniform sensitivity and coverage whereas other telescopes are limited
to detection from ground-based locations and much smaller fields of views (e.g. H.E.S.S., VERITAS,
and MAGIC are all ground-based) and are restricted from viewing the entire Galactic plane with
uniform sensitivity. As a result, the Fermi -LAT [4, 11] has detected several new Galactic sources,
some of which display very hard spectra above 50 GeV, which is a sign of efficient particle acceleration
and (or) effective particle and energy dissipation processes. Understanding the properties of the
very high energy (VHE) Galactic source population is crucial in order to identify the locations and
mechanisms for Galactic cosmic ray acceleration.
One breakthrough that Pass 8 has enabled has been the census of the entire sky at >50 GeV
reported in the 2FHL catalog [3], which is comprised of ∼360 sources detected across the entire
1

sky. Of these objects, 103 are detected in the Galactic plane (| b | < 10◦ ): 38 of these have been
associated with Galactic objects as their counterparts, 42 are associated with blazars, and 23 are
unassociated.
While none of these 23 unassociated sources has the radio and optical properties of blazars,
it might still be possible to find γ-ray blazars on the Galactic plane that are undetected above the
threshold of current radio surveys. A further selection criterion to classify sources as Galactic in
origin is the hardness of the γ-ray spectrum at >50 GeV, since at these energies blazars generally
exhibit a soft spectrum (average photon index Γ ∼ 3.2), because the energy range is above the
IC peak of their spectral energy distribution (SED). This is a result of the combination of the
spectral shape of the energy distribution of the accelerated particles and the absorption due to the
extragalactic background light [25], which results in an exponentially cut-off photon spectrum. Only
∼4 % of the 2FHL blazars display a power law photon index Γ < 1.8.
Among the 23 unidentified 2FHL objects located in the Galactic plane, 12 have Γ < 1.8, and
hence the number of contaminant blazars in this hard-spectrum sub-sample is expected to be < 1.
This sub-sample should therefore be mostly comprised of newly detected hard-spectrum Galactic
objects. In this work, we focus on one of these 12 sources, 2FHL J0826.1–4500, which is located at
∼1.5◦ southwest of the Vela pulsar, PSR J0835–4510.
Vela is among the closest SNRs to Earth, being at a distance d ≈ 290 pc [24], and it houses a
middle-aged pulsar (characteristic age t ≈ 11 kyr1 ). Given its significant complexity, the Vela region
has been widely studied in the literature. The Vela pulsar sits in the central region of the SNR shell
while actively fueling a large PWN 2◦ × 3◦ in size known as Vela-X. The structure of a composite
SNR is complex and heavily depends on the density of the surrounding material it expands into.
The layers of an SNR expanding through the circumstellar medium with a density gradient
are discussed in [53]. The expansion of the PWN into the SNR, and the SNR expansion into the
ISM are both responsible for heating ejecta and ambient material. The ejecta can confine the PWN,
and as the PWN expands into the ejecta it also drives a shock, heating the material and producing
thermal emission. The outer boundary of the SNR is defined by a forward shock (FS), which is the
result of the material ejected from the initial explosion sweeping up the surrounding medium. It has
been established that most massive stars, >8M , often collapse and explode at a relatively early age
1 See http://astronomy.swin.edu.au/cosmos/p/pulsar+characteristic+age for a definition of characteristic age
of a pulsar
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(as early as a few Myrs for the most massive stars), and thus they leave behind supernova remnants
inside or nearby the dense molecular gas clouds where they were formed. It is not uncommon then,
for these SNRs to interact with these dense gas regions as the shock expands. The morphology and
spectral features of the forward shock can provide information regarding such an interaction.
In this thesis, I present a multi-wavelength analysis of 2FHL J0826.1–4500, a VHE candidate
Galactic source detected by Fermi at energies >50 GeV and located at the Western edge of the Vela
SNR. In order to characterize this source, in the next chapter we introduce the Vela complex and,
in more general, SNRs and their nature.

3

Chapter 2

Supernova Remnants
Supernova Remnants (SNRs) are the product of a supernova explosion that generally originate from two possibilities: a massive star more than 8 solar masses collapses in on itself and
generates a violent explosion categorized as core collapse (CC SNRs) or type II SNe or, alternatively, from type Ia SNe which are typically the result of a white dwarf accreting mass from its
companion star until it reaches the Chandrasekhar limit of M ∼ 1.4 M

where, at this point, the

carbon and oxygen core of the white dwarf star fails to maintain equilibrium under the additional
mass, implodes, and then rebounds in a violent release of energy and matter in the form of a shock
waves.
SNRs contribute to the heating of the interstellar medium (ISM) and the initial supernova
explosion creates some of the heaviest elements in the universe while the SNR left behind helps
distribute these into the environment. SNRs are some of the most powerful sources of energy in
galaxies and are likely sources of cosmic ray acceleration. SNRs are commonly categorized in three
different groups based on their radio emission structure: shell remnants, Crab-like remnants, and
composite remnants1 .
Shell-type remnants are SNRs that have a distinct boundary - the forward shock - that is the
initial explosion seen plowing through space, heating up and disturbing ambient medium, shocking
and ionizing material [58]. A shell structure is what is observed as the shock wave propagates radially
from the progenitor star position, sweeping up hot material into a shell. The edge of the remnant,
1 All information discussed here can be found at https://imagine.gsfc.nasa.gov/science/objects/supernova_
remnants.html
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the shell, is what we observe best because there is more hot gas along our line of sight with the SNR
than is seen in the middle (called limb brightening).
There are composite remnants which are an SNR that contains both an SNR shell and a
PWN. Emission from composite remnants can be both thermal or non-thermal in origin and can vary
across the remnant. Thermally dominated SNR shells can be seen in radio via synchrotron radiation
but the PWN will dominate in the X-rays with clear spectral lines, indicating hot gas emission. In
PWN dominated SNRs, the PWN and shell can emit brightly in both radio and X-rays. Though,
typically there is a loss in spectral lines from the central region but shell spectral lines can still be
detected [58].
Crab-like remnants, named after the famous Crab nebula, are also known as pulsar wind
nebulae or plerions, and are often associated with a shell-type remnant, though they are observed
to be more compact and uniform in emission than the SNR shell. PWNe are made up of highly
relativistic electrons that are pushed out from the central star. The central star often generates
massive magnetic fields that the electrons intermingle with producing synchrotron radiation that is
visible in the X-rays to radio waves [58].
The forward shock can provide important characteristics of the SNR like age of the SNR,
the kinematics of expansion, density of surrounding region, and chemical abundances. SNR age
can be estimated using the velocity measurement of the forward shock which can be done through
measuring the temperature of the shocked gas using X-ray spectroscopy [56]. The faster a shock is,
the earlier in the expansion we are observing, thus, the younger the SNR. We can estimate the SNR
age by measuring the temperature of the shocked gas if we can safely assume the gas is isothermal. In
this method, we can model the presence of thermal line emission using a non-equilibrium ionization
model that can provide an estimate on the electron temperature (kB Te ) and ionization timescale,
ne t (in units of s cm−3 ), based on the fitting of the source spectrum, where ne is the electron density
of the SNR shell and t is the time since the hot gas was shocked [56]. However, many factors play
into the temperature of the shocked gas for SNRs therefore these parameters may not reflect the
age of the SNR accurately. For instance, the gas could have been freshly shocked by the return of
the reverse shock from the SNR shell.
Because historical SNRs have been studied for long periods of time, it is possible to get
an estimate on the age by tracking the rate of expansion since discovery. This is done simply by
observing how much the SNR expands over the course of a certain period of time (the rate) and
5

dividing the total observed SNR size by this observed rate, providing a rough estimate for the SNR
expansion time. This is typically most accurate for the youngest of SNRs.
A third and popular method would be to study the kinematics of the central star. This
method uses the central pulsar spin period and its rate of change:

τ=

P
2Ṗ

(2.1)

and can be used to understand the age of the pulsar (e.g. characteristic age) and thus the
estimate of the SNR age.
Once a >8 stellar-mass star explodes, ejecting material in all directions, what often lay
behind in the progenitor star’s place is a highly-magnetized, rapidly rotating neutron rich star.
These are called pulsars named after their typically very regular, rapid-rotating, beaming pulses
of light along the line of sight to Earth. During the initial explosion, the matter in the core of
the star is crushed against its own gravitational potential energy and pressure so violently that the
protons and electrons combine together into neutrons. An initial mass system between 8 and 20
solar masses typically end their life with this fate while stars more massive have the potential to
create stellar-mass black holes.
Neutron stars are some of the densest objects known as they are made up of stellar masses
condensed into the sizes of cities on Earth. Pulsars can generate relativistic pulsar winds made up
of highly energetic electrons and positrons mixing and creating turbulence in the ambient medium
as well as shocking it, known as the (aforementioned) pulsar wind nebulae.
Together, SNRs and PWNe, are some of the most powerful sources in the Galaxy and are the
some of the only known Galactic sources that can emit at such high energy regimes. It is understood
that PWNe and SNRs are capable of accelerating cosmic rays (CRs) and are routinely detected at
TeV energies and X-rays. PWNe readily emit across the electromagnetic spectrum powered by
relativistic electrons via synchrotron emission or thermal bremsstrahlung at low energies (i.e. radio
and X-ray emission) and via inverse Compton scattering (ICS) or non-thermal bremsstrahlung at
high energies (i.e. γ-rays).
Understanding the stages of evolution of these objects can help understand dissipation
mechanisms [23]. There are three main phases an SNR goes through as it expands and evolves
into the ISM: the free expansion (i.e. energy conserving) phase, the adiabatic phase, and the snow-
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plow (i.e. momentum-conserving) phase. The free expansion phase begins when the progenitor
star explodes, ejecting mass and energy into its surroundings. The shock wave is the initial blast
wave expanding freely as it moves radially outward from the center. This phase happens roughly
at constant temperature and at constant velocity, thus energy is conserved during this phase, and
this occurs for several thousand years [28]. The second phase is where the change in entropy for
the SNR and its surroundings is equal to zero. The SNR shock wave quasistatically decelerates and
cools. This phase is unstable for the SNR shell, introducing Rayleigh-Taylor instabilities, allowing
for the shock wave ejecta to mix with swept up material from the ISM that was shocked and heated
by the shock wave itself. This is known to increase the magnetic field within the SNR shell. The
adiabatic phase can last for up to 20,000 years. The last phase, known as the snow-plow phase,
radiative phase, or momentum-conserving phase, dominates as the blast wave continues to slow
down, losing energy and velocity via radiation causing it to cool. This occurs around T ∼ 106 K.
At this temperature, recombination rates increase as electrons combine with heavier elements like
oxygen, silicon, and nitrogen which lets the shock front radiate more efficiently and cool further. As
this process ensues, it causes the SNR shell to actually decrease in size and increase in density and
overtime more and more abundances of heavier atoms appear (and thus more cooling efficiency),
hence the name ”snow-plow” phase: As cooling takes over, it will happen more and more rapidly
[23, 28].
At the end stages of the snow-plow phase, the SNR shell thins as its energy is radiated away
mostly in visible light. A dense shell of cooler gas is now what encompasses a hot central plasma
and will move only by the momentum previously provided by the supernova explosion. Eventually,
the forward shock slows down enough to have reached equilibrium with the environment and the
SNR will fade into the ambient material and become part of the ISM.

2.1

The Vela Supernova Remnant
The Vela SNR is the closest composite supernova remnant to Earth and is thought to have

been created from a SN explosion about 10,000 years ago. At only 1,000 ly (∼ 290 pc) from Earth,
it serves as a laboratory for studying the energetics and emission mechanisms powering SNRs. The
composite SNR houses a middle-aged pulsar (characteristic age t ≈ 11 kyr) and the pulsar fuels an
active PWN, known as Vela-X, all within the 8◦ -diameter SNR shell. Given its significant complexity
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Figure 2.1: Left: Chandra 2010 image of the Vela pulsar and the small ∼ 400 toroidal arcs of X-ray
emission. As the Vela pulsar rotates (11 rotations per second) it funnels a relativistic jet of charged
particles racing from the pulsar’s rotational axis. The jet imaged here is ∼0.7 ly in length and was
discovered to be precessing. Right: Optical image from the Anglo-Australian Observatory’s UK
Schmidt telescope revealing the large apparent size of the entire Vela SNR seen to be a whopping 8◦
in diameter (best seen with ROSAT see figure 5.1 in section 5). The red square denotes the pulsar
position.
and proximity to Earth, the Vela region has been widely studied in literature.2
The pulsar sits in the central region of the SNR shell while actively fueling Vela-X that is
2◦ ×3◦ in size. The pulsar and PWN are displaced from the center of the SNR due to a combination of
the pulsar’s proper motion kicking it out of its birthplace (where the progenitor star collapsed), and
due to the inhomogeneities in the ambient medium the SNR expands into. When an SNR expands
with its forward shock into the ISM, a reverse shock is generated within from the interaction of the
shock and the ISM that sweeps back across the SNR itself, crushing the PWN on its way back. The
reverse shock speed depends on the density of the region the forward shock is expanding into. For
example, the Vela SNR is thought to be expanding into a medium that is denser in the northern
region than in the south, sending the reverse shock back sooner in the northern region than in the
southern region, giving the PWN a displaced southern appearance from the center. This is consistent
with density measurements of n = 1 − 2 cm−3 in the north and n ≈ 0.1 cm−3 in the south [55].
Studying the particular scenario unfolding directly to the west of the Vela SNR, two facilities
were used in conjunction in order to probe this peculiar unidentified VHE source. The facilities are
discussed in the next chapter.

2 Images

in this section are adapted from http://chandra.si.edu/photo/2013/vela/
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Chapter 3

Facilities
3.1

The Fermi-LAT
The Large Area Telescope (LAT) is the primary instrument aboard the Fermi Gamma-ray

Space Telescope with the mission to survey the sky from energy ranges as low as 20 MeV and as
high as 2 TeV with the latest Pass 8 event level analysis reconstruction [9, 10, 11]1 . The LAT was
constructed by an international group of space agencies, academic institutes and universities, in
France, Italy, Sweden, United States, and Japan. The LAT’s original mission when it launched by
NASA in June of 2008, was to determine the nature of high-energy sources such as blazars, pulsars,
gamma-ray bursts (GRBs) and more that contribute to the high-energy universe. Since then, the
Fermi-LAT has made hundreds of new discoveries of high-energy sources reported in various catalogs
since its operation began2 .
The design of the LAT ultimately has seven major goals including permitting rapid notification of γ-ray bursts (GRBs) and transients and facilitating the monitoring of these variable sources,
yielding a large catalog (up to several thousand high-energy sources discovered during an all-sky
survey), measuring spectra from 20 MeV to more than 50 GeV for several hundred sources, optimizing uncertainties for point sources to just 0.3-2 arcminutes, mapping and obtaining the spectra
of extended sources (e.g. SNRs, MCs, nearby galaxies, etc.), measuring the diffuse isotropic γ-ray
background up to 2 TeV, and finally, exploring the discovery space for dark matter (i.e. tracers of
1 All

figures in this section have been adapted from [10]
https://heasarc.gsfc.nasa.gov/docs/cgro/db-perl/W3Browse/w3table.pl?MissionHelp=fermi for a complete list of the Fermi-LAT catalogs.
2 See:
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Figure 3.1: The basic design of the Fermi-LAT.
DM annihilation). The goal of this section is to familiarize ourselves with the basics of the instrument in order to better understand how the data for the reported source, 2FHL J0826.1-4500, was
obtained. This includes the LAT general instrument design and performance of the most recent
software update, Pass 8.

3.1.1

Instrumental Design
The LAT measures the directions, energies, and arrival times of incident γ-rays over a large

FoV while simultaneously rejecting background from cosmic rays. The LAT is a pair-conversion
telescope with a precision converter-tracker and a calorimeter, a segmented anti-coincidence detector,
and a programmable trigger and data acquisition system. Pair conversion detection is an efficient
method to detect γ-rays in the high-energy regime because it is known that high-energy γ-rays are
not easily reflected or refracted and only interact with matter by the conversion of one γ-ray photon
into an electron and positron pair.
The LAT is composed of 16 identical towers disposed in a 4 × 4 array. Each tower has a
precision tracker and a calorimeter. The towers are aligned on a low-mass Aluminum grid design
and the segmented anti-coincidence detector covers the 16 towers. Each module in the precision
tracker is accompanied by a series of 18 vertical tracking planes including two layers, denoted x and
y, of single-side silicon strip detectors (SSDs) and a high-Z converter material (tungsten) per tray.
The SSDs act as small position-sensitive detectors to record the passage of charged particles and
measuring the paths of particles that result from pair conversion. This is done by the e− e+ pair
10

hitting the SSDs causing ionization and thus creating a small electrical pulse that is then detected
by the SSD. In this way, the tracker can tell which part of the sky the incident γ-ray came from.
Once the particles have left the tracker they enter the calorimeter. The calorimeter has
the same design of a 4 × 4 array of 16 modules but each have 96 Cesium iodide scintillator crystals
instead of SSDs. With this design, the longitudinal and transverse information about the deposited
energy are both known and this is what enables the high-energy reach of the LAT. The calorimeter’s
depth and segmentation also significantly contribute to the background rejection. A larger field of
view of 2.4 str (∼20% of sky) is possible due to the aspect ratio, height/width (=0.4), of the tracker
which also ensures that the majority of all pair-conversion showers initiated in the tracker will pass
into the calorimeter for energy measurement.
The segmented anti-coincidence detector (ACD) covers the tracker array in order to provide
protection from contamination of cosmic rays. For this reason it is designed to have a high detection
efficiency of charged particles. It is reported in [10] that the efficiency of the ACD reaches 0.9997
for a single charged particle detection.
The programmable trigger and data acquisition system utilizes prompt signals available from
the precision tracker, calorimeter, and anti-coincidence detector subsystems to form a trigger. Once
an event is triggered, the data acquisition system (DAQ) initiates the read out of the 3 subsystems
and uses on-board event processing to reduce the rate of events transmitted to the ground to a
rate compatible with the 1 Mbps bandwidth that is available to the LAT. The maximized number
of events triggered by γ-rays are transmitted to the ground while the on-board processing rejects
events triggered by cosmic background particles. Heat pipes are used throughout the grid to keep
the unit from over-heating.
In summary, the LAT is designed to provide good angular resolution for source localization
and broadband as well as a high sensitivity over a large field of view to monitor variability and
detecting transients. A sensitive calorimeter is installed over an extended energy band (50 GeV2 TeV) to study spectral breaks and energy cut-offs. Reliable calibration and stability offers long
term flux measurement. The normal to the front of the instrument (z axis) is on alternate orbits
(i.e. ”scanning” mode) of ±35◦ from the zenith, rocking northward in one orbit and south the next,
in order to measure the entire sky in almost uniform sensitivity after about 2 orbits (which takes
the Fermi-LAT about 3 hours at 565 km and a 25.5◦ inclination).
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3.1.2

Pass 8
The event-level analysis is the name given to the process which involves event reconstruction,

the measurement of the event energy and direction, and the final event classification. Before the
Pass 8 event-level analysis, the LAT framework was largely developed with Monte-Carlo simulations
and the initial event-level analysis upon launch was Pass 6 to which Pass 7 followed with the first
improvements to the analysis after launch. The main effort for the Pass 8 event-level analysis was
to target the loss of effective area of the LAT due to residual signals coming from out-of-time cosmic
ray events [11]. In the Pass 8, the main areas for improvement include the Monte Carlo simulation
of the detector, event reconstruction, and background rejection.
The reconstruction improvements were made to the tracker, calorimeter, and ACD. The
tracker reconstruction code was modified to fix four areas of operation. The problematic areas
begin with the track-following algorithm needing an initial direction to start the track following in
order to understand the path the e− e+ pair took to trace where the photon actually underwent
conversion. The second problem arises in the track model that includes multiple Coulomb scattering
but this requires an estimate of the track energy which is measured from the calorimeter. These
two problems make the tracker dependent on the accuracy of the calorimeter reconstruction which
means the residual signals coming from out-of-time cosmic rays (i.e. ghost signals) that confuse
the calorimeter also becomes a problem with the tracker. Third, pair conversion rarely has a clean
path. In reality, a single pair conversion will create multiple detections as the electromagnetic shower
develops. The last area that the tracker reconstruction in Pass 8 aims to rectify is that when off-axis
photons deposit large energies into the calorimeter this can cause particles to move upwards in the
calorimeter and start randomly hitting strips which can wash out some of the real signal. Together
these problems cause a loss of events that fail to reconstruct at all, the mixing of events from the
center of the point spread function (PSF) to the outer edges due to the poorly reconstructed tracks,
and ultimately confusing good γ-ray events as background.
Pass 8 addresses these issues by using a global approach called tree-based tracking. Essentially, when a shower of particles begins, the tree-based tracking looks to the the conversion in
the tracker to try to model the process of the shower as the electron and positron interact with
the tracker and radiate energy. Once the trajectories of the particles are known, they are fit using
the Kalman Filter technique and this will account for multiple scattering. This part of the Pass 8
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reconstruction will reduce the fraction of mis-tracked events and boost the high-energy acceptance
by 15-20% and also provides improvement for the off-axis effective area of the instrument [11].
The Pass 8 reconstruction for the calorimeter introduces a clustering stage which helps the
calorimeter to identify ghost signals and recover any loss in the effective area. This technique is
borrowed from graph theory and has proved to be optimal with Pass 8 up to 1 TeV (above 1 TeV,
saturation becomes an issue).
The first major improvement of the ACD is the incorporation of the calorimeter’s information when configuring incident particle direction with the deposited energy in the ACD. Now,
directional information measured from the calorimeter clusters is propagated to the ACD, accompanied by the paths measured by the tracker. This aids in identifying background information at
high energies or large incident angles as this is more susceptible to tracking errors. Secondly, when
associating tracks and clusters with energy depositions in the ACD, the ACD utilizes event-by-event
directional uncertainties and this new approach will significantly enhance information about background rejection. At low energies, the use of trigger information in background rejection removes
the ghost signals from the ACD and substantially increases effective area. This is done by taking
advantage of the fast ACD signals from the LAT trigger.
The Pass 8 event level reconstruction can increase acceptance (relative to Pass 7) by ∼ 25%
at high energies and, at energies below 300 MeV, as high as a factor of 3. The improvements of the
3 subsystems on the LAT will allow for the detection of multi-photon events whereas previously, the
lack of calorimeter clustering along with background rejection almost completely washes away any
meaningful signal the LAT might have with such events. Pass 8 has extended the energy reach of
the LAT both below 100 MeV and above 1 TeV3 .

3.2

XMM-Newton
The X-ray Multi-Mirror-Newton (XMM-Newton) telescope was launched on December 10,

1999 by the European Space Agency (ESA). The XMM-Newton telescope has paved the way for
X-ray astronomy’s development since most extraterrestrial X-rays get blocked by the Earth’s atmosphere, thus we can gather X-ray information on nearly a million sources from an orbiting X-ray
telescope satellite. Furthermore, the design of the XMM-Newton telescope offers the largest effective
3

All information described here can be found in more detail in [10] and [11].
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area of all previous X-ray telescopes in the 0.5-10 keV range4 . The satellite has an eccentric orbit,
reaching nearly 33% of the Moon’s distance. In this way, long term observations are able to be made
with little to no interruptions. The XMM-Newton satellite consists of five X-ray imaging cameras
and spectrographs, and an optical monitoring telescope.
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Figure 3.2: Comparing the effective area of XMM-Newton and the Chandra X-ray telescopes from
0.5-12 keV. The spectral response for the most sensitive CCD on board the XMM-Newton telescope
has unprecedented coverage compared to Chandra.
There exists separate main sections on the satellite including the body that is roughly
7 meters in length, a service module that is located toward the front end that is wider than the
back end and this is also where the three mirror modules and solar arrays are attached. The focal
plane structure, housing the X-ray cameras and detectors, is located at the back end. X-rays are
notoriously difficult to focus because they are high-energy yet interact readily with matter. Thus, a
mirror design is preferred with a surface made of a material that cannot readily absorb X-rays and
can enable incident X-rays to bounce off the surface at a shallow angle (∼ 300 ). This technique can
efficiently reflect the incident X-rays to a common focal point. The optimum shape for the mirror is
found to be barrel shaped, angled along their length to focus X-rays onto the detectors (see figure
3.4).
The three mirror modules are made up of 58 wafer-thin nickel mirrors, gold-plated and
placed on top of each other just a few millimeters apart. The total surface area of all three mirror
modules is greater than 120 m2 (similar in size to a tennis court). XMM-Newton also carries the
optical monitoring telescope, a 30 cm telescope that can observe the same region of sky as the
observed X-ray source and can image in optical and ultraviolet wavelengths.
4 All

information and images discussed here with XMM-Newton can be found at http://sci.esa.int/xmm-newton/
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Figure 3.3: The schematic design of the XMM-Newton telescope. The narrower end is the back
end where the three EPIC CCDs (MOS1, MOS2, and PN) sit. The wider end is where the 58
wafer-thin nickel mirror modules sit, awaiting for incident X-rays to enter the modules, reflecting
and focusing efficiently onto the CCDs. The two reflection grating spectrographs lie just behind the
mirror modules.

Figure 3.4: A nice schematic showing the design of the three mirror modules. MOS1 and MOS2
CCDs each have the spectrograph illustrated here.
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At the focus of each of the three mirror modules are the European Photon Imaging Camera
(EPIC) charged coupled devices (CCDs) comprised of silicon chips that can detect very weak X-ray
signals and are capable of detecting rapid variability in intensity (as fast as 1 ms). The three EPIC
cameras, MOS1, MOS2, and PN, provide imaging and spectroscopy over the field of view (about
30 arcminutes) from 0.15-15 keV. In addition to the EPIC cameras, an EPIC Radiation Monitor
(ERM) is on board XMM-Newton to measure radiative belts and solar activity in order to supply
particle environment information for proper operation of the EPIC cameras. MOS1 and MOS2
are made of metal oxide semi-conductor (MOS) 600 x 600 pixel CCDs and can detect soft X-rays
with good energy resolution, though the 40µm depth of silicon limits the detectors from efficiently
detecting hard X-rays. The EPIC PN makes up for this limitation which has instead a 300µm silicon
depth offering more sensitivity to both soft and hard X-rays. The spatial resolution for MOS1 at
1.5 keV is 6.0 arcseconds FWHM, 4.5 arcseconds FWHM for MOS2, and 6.6 arcseconds FWHM for
EPIC PN.
Two of the three mirror telescopes have a grating structure called the Reflection Grating
Spectrometer on the module itself and can reflect roughly 40% of X-rays into a secondary focus with
its own CCD camera. This design allows precise measurement of the presence of various elements
like oxygen and iron.
Lastly, the 2 meter long optical monitoring telescope on board XMM-Newton mounted next
to the X-ray mirror telescopes, is sensitive to optical and UV radiation that observes the same region
as the X-ray instruments providing complementary data of the source. In orbit, and with a diameter
of just 30 cm, the optical monitor is as sensitive as a 4 meter ground-based optical telescope.
XMM-Newton is the most sensitive X-ray observatory to be launched into Earth-orbit. Its
capabilities prove to be successful including (but not limited to): investigation of cosmic X-ray
source spectra, performing sensitive medium-resolution spectroscopy between 350-2500 eV, broad
band imaging spectroscopy in the 150 eV-15 keV range, and simultaneous sensitive coverage in the
optical.
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Chapter 4

Source Selection, Data Reduction
Process and Spectral Analysis
4.1

Source selection and data reduction
2FHL J0826.1−4500 was first detected at >50 GeV in the 2FHL catalog and presents a

particularly hard γ-ray spectrum with photon index Γγ = 1.6 ± 0.3 and a maximum energy photon
of ∼412 GeV detected by the LAT (see Figure 4.1, left panel and Table 4.1). The source is compact
and shows no clear evidence of extended emission beyond the point spread function of the Fermi -LAT
in this energy range (Figure 4.1, right panel).
To further investigate the properties of this intriguing VHE object, we were granted a 20 ks
XMM-Newton follow-up observation (proposal ID: 0782170201, PI: M. Ajello). X-ray telescopes like
XMM-Newton play a pivotal role in identifying Galactic γ-ray sources, as they provide arcsecondscale angular resolution allowing the identification of the correct counterparts in the crowded Galactic
region [42]. Furthermore, XMM-Newton also has the largest effective area in the 0.5–10 keV band
among all the X-ray telescopes, therefore being the most effective instrument to detect faint, diffuse
X-ray emission along the Galactic plane, like the one commonly observed in PWNe and SNRs.
We report a summary of the observation details in Table 4.1.
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Figure 4.1: Left: γ-ray SED of 2FHL J0826.1−4500, using data from the 2FHL catalog [3]. Right:
γ-ray image of the Vela complex at ≥50 GeV. 2FHL J0826.1−4500 shows no significant evidence of
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extended emission.
Name
2FHL J0826.1−4500

R.A.
08h 25m 56.63s

Dec.
-45d 000 00.000

Obs. Date
11/23/16

Exp.a
18500

Target Type
SNR

Γb
1.6 ±0.3

∆rc
4.0

a Exposure time in s, b Photon index at E >50 GeV,
Positional uncertainty of the γ-ray source (95% C.L.) in arc-minutes, d Signal to noise ratio of the γ-ray source

Table 4.1: Observation details of 2FHL J0826.1−4500.
c

(σ)

4.2

XMM-Newton Data Reduction and Analysis
In Figure 4.2, left panel, we show the smoothed 0.5–2 keV image of 2FHL J0826.1−4500, as

seen with the MOS2 camera mounted on XMM-Newton. The image was created using the CIAO
[32] tool csmooth, using the fast fourier transforms convolution method and a Gaussian convolution
kernel. The minimal signal-to-noise ratio of the signal under the kernel was set to 3. As illustrated
in the X-ray image, in correspondence with the γ-ray source, we observe faint, diffuse X-ray emission
with extension of roughly 150 . Furthermore, the X-ray emission is almost spatially coincident with
an optical filament visible in an Hα image (see Figure 4.2, right panel). The initial analysis of the
XMM-Newton diffuse emission reveals it to be very soft, with no significant emission detected above
2 keV.
We perform a spectral fitting in order to find the best model to characterize the observed
emission. Usually, the spectral fitting of bright, point-like X-ray sources can be performed subtracting the background emission, since the signal-to-noise ratio of the source is large enough that
removing a small fraction of counts from the fitted spectrum does not affect the quality of the
analysis. In faint diffuse objects such as 2FHL J0826.1−4500, however, the background subtraction
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Figure 4.2: Left: Smoothed, MOS2 0.5–2 keV image of the region around 2FHL J0826.1−4500.
The white dashed circle (r=40 ) represents the 95 % confidence positional uncertainty of
2FHL J0826.1−4500. Right: X-ray emission contours (cyan solid line) overlaid on an Hα image
of the region of 2FHL J0826.1−4500. The contours are derived from the MOS2 0.5-2 keV image
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seen to clearly overlap the X-ray emission. The white dashed circle marks the Fermi-LAT position.
approach can lead to a spectrum with not enough counts to perform a proper spectral analysis.
Consequently, the background must be carefully modeled and to use the best-fit background model
as an additional component in the fitting of the total, source plus background, spectrum. In this
work, we follow the background modeling approach used in [40], which takes into account both the
instrumental and the astrophysical background. The first is modeled as a combination of quiescent soft protons, cosmic-ray induced continuum, and fluorescence lines; the latter models both the
emission from the Galactic Halo and the cosmic X-ray background1 .
The selected regions for the spectral fitting process are indicated in Figure 4.3. After
selecting source and background regions a spectral fitting was then performed with the most recent
update of HEASOFT software [v6.19, 26] with the corresponding calibration files for the XMMNewton telescope2 for MOS1, MOS2, and PN. The resulting spectra were fitted using XSPEC
(v12.9.1).
1A

detailed look into the background treatment methods discussed here can be found in Appendix A.
calibration files are accessible at https://heasarc.gsfc.nasa.gov/docs/xmm/xmmhp_caldb.html

2 Current
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4.3

Spectral Analysis Results
Initially, we tested two different simple spectral models: the thermal mekal model and

a power law and both are reported in Table 4.2. The Galactic column density has been fixed
to 0.026 × 1022 cm−2 [44] using wabs in XSPEC. The mekal [45, 46] model describes the emission
spectrum of a hot diffuse gas, assuming as free parameters temperature and metallicity of the gas. In
this work, we fix the gas metallicity to the Solar value. The apec model is very similar to mekal and
was also considered. With apec we find a result in good agreement with mekal (kT=0.75+0.16
−0.20 keV)
although with slightly worse best-fit statistics (∆C-stat=9.7).
The power law model is commonly used to fit non-thermal spectra and has two free parameters: the photon index and the normalization. More complex power law models, such as srcut,
cutoffpl and bknpower are typically found to best characterize synchrotron emission from a nonthermal distribution of electrons, however, due to the intrinsic faintness of our source, we decide to
use the simplest of these models, a pure power law, to minimize the number of free parameters in
the fit.
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2FHLJ0826.1−4500 XMM−Newton MOS1 and MOS2 spectra
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Figure 4.4: Top: XMM-Newton MOS1 (black) and MOS2 (red) data of 2FHL J0826.1−4500 and
the best-fit model obtained using mekal. The best-fit model (solid black line), the instrumental
background (dashed black line) and the combination of source and astrophysical background (dotted
black line) are plotted. PN data was removed for clarity.
Spectral Model
mekal
power law

χ2
458.54
472.60

C-Stat
454.63
470.60

d.o.f.a
449
451

Reduced χ2
1.02
1.05

kT (keV)
0.60+0.11
−0.60
-

Photon Index
4.9+1.8
−1.2

Table 4.2: Summary of the best-fit parameters and the associated statistics for both spectral models
used in our analysis. Because of the low quality of data, the kT value only generates an upper limit
of 0.72 keV. a degrees of freedom
As shown in Table 4.2, a thermal emission scenario (Cstat/d.o.f.=454.63/449) is statistically preferred to a non-thermal one (Cstat/d.o.f.=470.60/451).

The best-fit temperature is

+0.11
kT = 0.60−0.60
keV with an upper limit of kT < 0.72 keV. We show the best fit model, as well

as our MOS1 and MOS2 data, in Figure 4.4. PN data has been removed for clarity. The observed 0.5–2 keV source flux, without taking into account the different background contributions, is
FX <1.9×10−13 erg s−1 cm−2 .
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Chapter 5

Multi-wavelength Information
5.1

Soft X-rays
The Vela SNR is one of the brightest, largest soft (0.5-2 keV) X-ray sources. The ROSAT

X-ray telescope [57] has mapped the Vela region in the 0.5–2.4 keV band, showing extended emission over a ∼8◦ region that encompasses the Vela pulsar and roughly outlines the SNR shell.
2FHL J0826.1−4500 lies just on an inner boundary of X-ray emission that delineates the SNR
shell where, to the west, a cavity of little X-ray emission is present (Figure 5.1). Lu & Aschenbach [41] performed a spectral analysis on 3 distinct regions of the SNR and found that the X-ray
emission is best fit by a thermal emission model with two Raymond-Smith plasma components with
different temperatures. The best fit temperatures are 0.12, 0.17, and 0.18 keV for T1 and 0.76, 1.06,
and 0.82 keV for T2 in one bright region in the north and two fainter regions in the north-east and
south, respectively. These results are in good agreement with those obtained by our XMM-Newton
observation and reported in the previous section.

5.2

γ-rays
At ≥50 GeV, 2FHL J0826.1−4500 is a relatively faint source detected by the Fermi-LAT

with a test statistics of ∼27 (corresponding to ∼4.5 σ) and only ∼5 photons [3]. In the 2FHL
catalog, no evidence of extended emission at >50 GeV is reported for 2FHL J0826.1−4500, although
the significance of this result is limited by the small number of counts detected by the LAT.
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Figure 5.1: 0.5–2.4 keV ROSAT image of the Vela SNR. The cyan circle labels the γ-ray location
of 2FHL J0826.1−4500 (with uncertainty of r=40 at 95 % confidence), while the magenta diamond
outlines the position of the Vela pulsar. 2FHL J0826.1−4500 lies on the western edge of a prominent
X-ray shell, just before a large cavity. The bright source in the top right corner is Puppis A.
H.E.S.S. [2] found TeV emission up to 10 pc (∼1.2◦ from pulsar position) from the pulsar on
the opposite side of the SNR with respect to 2FHL J0826.1−4500. At 1 TeV, the angular resolution
for H.E.S.S. is ∼60 . The shock is approximately 150 in length in the X-rays and it is observed by
LAT up to ∼400 GeV (see Figure 4.1, left panel), so it is intriguing that H.E.S.S. did not detect
any significant emission in the TeV regime at the position of 2FHL J0826.1−4500. The lack of
TeV detection implies either that the spectrum of the source does not extend beyond 1 TeV or
that the source is variable. It is unlikely the detection of source variability in this case will be
possible with the Fermi-LAT because of the low photon counts of 2FHL J0826.1-4500. The recently
published H.E.S.S. Galactic Plane Survey [36] allows us to derive a 5 σ upper limit on the emission
of 2FHL J0826.1−4500 (assuming it is a point-like source) at >1 TeV of FT eV ≈ 2.2×10−13 erg s−1
cm−2 .

5.3

Radio
The Vela region is rich with radio emission predominantly coming from the Vela-X PWN

with lower surface brightness emission roughly outlining the SNR X-ray shell. The Vela radio
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Figure 5.2: Left: 2.4GHz radio emission map from [29]1 with location of 2FHL J0826.1−4500 seen
in a cavity with no radio emission detected just below the Southwestern corner of the PWN, Vela2.1
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emission at 2.4 GHz was investigated in [29]. When we positionally match their data with our XMMNewton image we find that the X-ray emission lies on the outskirts of the diffuse radio emission.
As can be seen in Figure 5.2, 2FHL J0826.1−4500 lies in a region lacking radio emission1 . This
evidence is confirmed throughout different radio observations at different frequencies. For example,
observations of the

12

CO emission at 115 GHz revealed the same behavior of the Vela region [48].

The apparent lack of radio emission from the SNR at the position of source 2FHL J0826.1−45.00
and further west could be related to the forward shock having broken out into a lower density ISM
region. This is also consistent with observations of the pulsar position and proper motion, since the
pulsar is known to be in the northern part of the radio emission of the PWN. The offset is likely
caused by the expansion of the SNR into the ISM and how this interacts with the PWN. It is likely
that a non-uniform density in the ambient ISM is the cause of the asymmetric appearance [15, 55],
and is responsible for an early return of the reverse shock of the SNR from the direction where
the shock front encounters a denser medium (i.e., in this case, the structure in the Northern edge,
see [55]). The atomic hydrogen density for the Northern edge of the SNR, n=1–2 cm−3 , is indeed
greater than the one estimated for the Southern edge, n ∼0.1 cm−3 , supporting the scenario just
described [2, 27, 31].
21cm HI clouds were mapped in the Vela region reporting negative radial velocities (-21 km
s−1 to -9 km s−1 ) [27]. Later, Lu & Aschenbach [41] connected the high NH column densities in the
Southern region with the HI clouds observed at 21 cm, concluding that these clouds must be moving
1 The radio maps reported in [29] are available at http://www.atnf.csiro.au/research/surveys/2.4Gh_Southern/
data.html
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Figure 5.3: HI 21cm radio map integrated between 29.7 and 35.3 km s indicating the location of
2FHL J0826.1−4500 with respect to the HI cloud with blue contours for reference of shock structure
and location [see 27, for a review].
towards the observer and are likely being accelerated by the SNR shock wave. In [27] HI presence
is interpreted as a bubble that the Vela SNR is expanding into, with a higher interaction in the
North and East directions between the HI clouds and forward shock. Lu & Aschenbach [41] have
speculated that the interaction is weaker with HI in the South and West directions, allowing the
shock wave to keep expanding inside the bubble. This may support the idea that, at the position of
2FHL J0826.1−4500, the ROSAT X-ray boundary may be confined by the interaction with a small
HI cloud. The authors in [41] also suggest that the high NH measured implies that a region of cold
interstellar gas lies behind the Southern boundary of the SNR, and that it is likely for the HI clouds
to be in front of the remnant in the West, which may explain the apparent cavity that exists West
of the XMM-Newton X-ray source.
Furthermore, a small HI cloud has been identified in [27], widely overlapping with the
Hα optical filament associated with the observed XMM-Newton emission (see Figure 5.3). The
morphology of the filament correlates well with the location and size of the HI cloud in this region,
suggesting that we may be observing a shock-cloud interaction, with the shock being visible in the
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the optical band and in X-rays. Notably, optical emission in SNRs is usually associated to bright
X-ray boundary regions, which is indeed what is observed on the ROSAT map. This may suggest
a density enhancement in the Western region of the Vela SNR, providing further evidence for a
forward shock scenario.
In conclusion, the combined γ-ray, X-ray, optical and radio information depicts a scenario
of interaction between a forward shock, linked to the SNR, and a HI cloud. The following section
will discuss this scenario and its implications.
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Chapter 6

Discussion
6.1

Shock-Cloud Interactions
Examining the X-ray and γ-ray signatures of SNR interactions with molecular clouds in

[54] suggests several ways to confirm if a shock-cloud interaction is indeed occurring. Most SNRs
are located within high density molecular cloud regions making shock-cloud interactions a likely
occurrence with SNRs as they expand into the ISM. Morphology such as arcs, curvature, and asymmetric appearance of the SNR provide suggestive clues of an interaction with surrounding medium
especially if a correlation with the shape of a nearby cloud can be established [54]. The shape of
2FHL J0826.1−4500 has a compelling overlap with the shape of the HI cloud as can be seen in
Figure 5.3.
Multi-wavelength studies like the one here are another ideal way to confirm if a shock-cloud
interaction is in fact happening. CO emission presence, for instance, is an efficient tool to map
the distributions and movements of dense clouds, and is commonly used to confirm the physical
interaction of a SNR with a molecular cloud [54].
Gathering evidence for radiative processes at the shock site will provide strong indicators
for the speed of the shock front. Mapping the presence of OIII, NII, or SII optical line emission can
be strong evidence for a radiative shock that is propagating into an inhomogeneous ISM [54]. More
specifically, if OIII, NII, or SII are present the shock would be slower than the blast wave velocity as
it comes into contact with a dense cloud. If the velocity of the shock is still considerably fast then
the shock may be just starting to interact with dense material. Maser emission at 1720MHz would
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also be direct evidence of excitation occurring at a site where a shock and cloud are interacting.
Substantial evidence is provided in [59] linking shock-cloud interactions to the presence of
optical filaments that closely overlap X-ray emission in the SNR SN 1006. Analogously, the close coincidence between the Hα emission morphology and that of the X-ray emission in 2FHL J0826.1−4500
suggests that part of the SNR shock is interacting with a region of partially neutral material in this
area.

6.2

Efficient Particle Acceleration
If 2FHL J0826.1−4500 is indeed a shock-cloud interaction region, this makes the shock

location a likely candidate for efficient particle acceleration [54]. SNRs and PWNe are widely
thought to generate the bulk of Galactic CRs due to their enormous energy and particle deposits
into the ambient environment. Fresh generation of CRs is possible with a large hadronic population
with VHE. With a large hadronic population, proton-proton collisions become frequent leading to
pion decay that can be traced in the γ-ray emission. If the hadronic population is not dominant
(i.e. largely leptons are present), it becomes more likely that CR production in the acceleration site
is instead pre-existing CRs interacting with the region and being re-accelerated. This can still be
evident in γ-ray emission and can be hard to distinguish between fresh acceleration or re-acceleration
of CRs (see [22] for details).
Proton-proton collisions can become enhanced in high density regions such as an interaction
between a SNR forward shock and an HI cloud. This would be a significant source of hadronic
gamma-ray emission which makes the Vela SNR in the western boundary a possible source of freshly
generated CRs into the Galaxy. Though there is no clear way to distinguish fresh CR acceleration
from pre-existing CRs being re-accelerated, the shock site is a promising source for generating fresh
CR acceleration.
Fast shocks typically reveal a potential for fresh CR acceleration by the γ-ray spectrum
cutting off at energies greater than 20 GeV (e.g. SNR Cas A; see [7], RX J1713.7-3946; see [34],
RX J0852.0-4622; see [6], [17], and [35]). For slow shocks this cut off occurs at energies of 10-20 GeV,
indicating that the site is most likely re-accelerating pre-existing CR protons (e.g. 1FGL J1801.32322c; see [1], SNR W44; see [18] and [43], G349.7+0.2 and CTB 37A; see [21]).
Radiative shocks are believed to be efficient re-accelerators of the pre-existing CR population
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that permeate the entire Galaxy through compression and tend to have slower velocities than the
rest of the front shock. The 2FHL J0826.1−4500 shock site is certainly a candidate for efficient
particle acceleration, however, a deeper analysis in VHE and optical is required in order to confirm
this.

6.3

Modeling Spectral Energy Distribution
The multi-wavelength information available can be combined to build a picture of the broad-

band spectral characteristics of the region. Assuming the GeV γ-ray emission in the direction of
2FHL J0826.1−4500 is indeed the result of radiation from a relativistic particle population accelerated at a region of the Vela SNR shock, it is possible to model the broadband emission from the
shock-accelerated non-thermally distributed electrons and protons and hence derive constraints on
the physical parameters of the shock. The data of the region are shown in Figure 6.1, where the 843
MHz and 2.4 GHz radio upper limits are derived from [49] and [29] respectively, the X-ray upper
limit is obtained from the XMM-Newton observations as described in chapter 4, and the TeV γ-ray
upper limit is from the H.E.S.S. Galactic Plane Survey [36].
We assume the distribution of the accelerated particles in momentum to be dNi /dp =
ai p−αi exp (−p/p0 i ). Here, subindex i represents the particle type (proton or electron), and αi and
p0 i are the spectral index and the exponential cutoff momentum of the distributions. The coefficients
for the particle distributions, ap and ae , are set using the total energy in relativistic particles and the
electron to proton ratio as input parameters, together with the spectral shape of the distributions.
The spectral indices of electron and proton distributions are assumed to be equal since analytic and
semi-analytic models of particle acceleration at shocks suggest this is the case [52]. For the nonthermal radiation from these particle distributions we have used π 0 -decay emission from [38, 47],
synchrotron and inverse Compton (IC) emission from [12, and references therein], and non-thermal
bremsstrahlung emission from [16]. For more details on the model for the particle distribution and
their simulated emission see [22].
We use the model outlined above to establish the approximate ranges of some of the physical
parameters that would result in emission that fits the Fermi-LAT data, as well as complying with
the upper-limits at other wavelengths. The common parameters for all models considered are a
relativistic electron to proton ratio of kep = 0.01 (determined in observations of CR abundances on
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Figure 6.1: Spectral energy distribution (SED) for various scenarios constrained to upper limits of
available data across the electromagnetic spectrum. Models A (gray dashed line) and B (yellow
dashed line) demonstrate the resultant γ-ray spectrum of radiation from relativistic electrons. Models C (solid green), D (solid cyan), and E (solid purple) demonstrate resultant spectrum of radiation
from a hadronic population.

p0
(TeV/c)

B2,max
(µG)

nH × ECR,p
(1048 erg/cm3 )

ECR,e
(1044 erg)

Leptonic

A
B

5
30

3
9

–
–

9
1

Hadronic

C
D
E

10
1
600

50
50
10

6
6
1

–
–
–

Table 6.1: Input Model Parameters.
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Earth), and a shock compression ratio of 4. Both of these standard assumptions are discussed in
more depth in [22]. It is possible that the proximity of the Vela pulsar and pulsar wind nebula, both
of which are expected to be significant electron accelerators, might increase the ratio of relativistic
electrons to protons present in the region of interest. A larger number of CR electrons would relax
the constraints on the magnetic field placed on both leptonic and hadronic scenarios considered
here. However, this effect is presumably not very significant since the γ-ray source appears to be
coincident with the optical and X-ray emitting shock, and hence presumably the CRs responsible
for the emission are accelerated in this same region. Additionally, we adopt a distance of d = 0.29
kpc (the distance of the Vela SNR, as discussed above), and fix the spectral index of the relativistic
proton and electron distributions in momentum to be αi = 4. This last assumption is adopted given
that neither the radio nor the γ-ray observations allow for a tightly constrained spectral index of
the emission spectrum and hence, we default to the canonical spectral index expected from diffusive
shock acceleration [see 52, and references therein]. The input parameters for each model considered
are included in Table 4.2 and the resulting broadband spectral distributions are shown in Figure 6.1.
In models A and B, the Fermi-LAT spectrum is the result of radiation from relativistic
electrons (leptonic channel), and in C, D and E, it originates from protons and heavier ions colliding
with ambient hadrons and resulting in γ-ray emission from pion decay (hadronic models). Models
A and B represent the highest and lowest values, respectively, for the energy CR electrons, ECR,e ,
allowed by the Fermi-LAT data. The post-shock magnetic field, B2 , in each of these two cases, is
set to the maximum value possible without the synchrotron emission exceeding the radio and X-ray
limits, and the cut-off of the particle momentum distribution, p0 , is limited by the upper-limit on
the TeV γ-ray emission from H.E.S.S. From these cases we estimate that if the GeV emission is the
result of leptonic processes, the total CR electron energy in this region must be roughly 1–9 ×1044
erg, and the cut-off momentum of the particle distribution must be approximately 5–30 TeV/c.
Additionally, the maximum values of the magnetic field strength seem to be between 3 and 9 µG,
which are low given that one would expect values larger than 12 µG at sites of efficient particle
acceleration [see 20, and references therein].
Pion decay emission is proportional to both the amount of energy in CR protons in the
region, and the post-shock density [38]. Hadronic models C and D both result from the maximum
values of the product nH × ECR,p allowed by the 2FHL data, and model E represents the case with
the minimum nH × ECR,p possible. In models C the cut-off in proton momentum is at the highest
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value allowed by the TeV upper limit, for the maximum nH × ECR,p cases. In turn, model D is the
result of the minimum p0 that still fits the GeV data. From these hadronic models we estimate the
range of nH × ECR,p to be ∼ 1 − 6 × 1048 erg/cm3 , the cut-off of the momentum distribution to be
approximately 1 − 600 TeV/c, and the maximum post-shock magnetic field strength B2 ∼ 50.
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Chapter 7

Conclusions
The discovery and investigation of a likely shock-cloud interaction taking place on the western edge of the Vela SNR is presented. Multi-wavelength data suggests the forward shock of the SNR
is interacting with a small HI cloud as a likely scenario. The data presented for 2FHL J0826.1−45.00
points towards the possibility of a site for CR acceleration. A broadband spectral fitting is reported for several particle populations that can explain the emission observed including leptonic
and hadronic scenarios. In conclusion, the FS is most certainly confining protons in the region of
the neutral hydrogen as the shock begins to crush the cloud, probably ionizing and heating the
cloud as they interact. Because of this, it is very likely there are proton-proton collisions occuring
at the shock-cloud boundary. However, we are not able to put further constraints on the particle
population in this region with the SED modeling alone so a better understanding of the origin of
the γ-ray emission is still needed to probe the potential for CR acceleration here.
In order to try to determine the potential for fresh CR acceleration at the site of 2FHL J0826.1–
4500, we need to understand the kinematics, direction, and elemental composition of the shock.
Recently we were granted one night of observing time on the Gemini-S optical and spectroscopic
observatory in Chile with the 8-m telescope. Data is currently being taken in order to measure
the presence of OIII and SII and data reduction should produce preliminary results in the coming
months to determine the nature of acceleration of the shock-cloud interaction. See figure 7.1 for the
specific details of this follow-up.
The physical conditions of 2FHL J0826.1–4500 will be valuable in better characterization
of the region. This includes the understanding of the shock’s kinematics and thus the energetics
33

Figure 7.1: DSS2-red image of the shock which is the same as in figure 4.2, right panel, but using a
different color scheme. Overlapped, are the regions where we have located the slit in each of our three
pointings for the optical spectroscopy with Gemini-S. The slit locations have been chosen aiming
to sample different regions of the shock while avoiding spectral contamination from stars nearby
the shock. The yellow dashed boxes show the three regions where will we perform narrow-band
photometry, using the [OIII] and [SII] filters.
of the environment which will provide essential clues to whether the western edge of the Vela SNR
may be a site of generating fresh cosmic rays or is instead a site for re-acceleration. A paper in the
future will present the findings from the Gemini-S observations followed by an interpretation of the
possibility for CR production at the shock-cloud site.
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Appendix A

XMM-Newton Data Reduction & Spectral Analysis

In this section we describe the data reduction process used to analyze and fit our observational data from XMM-Newton of 2FHL J0826.1–4500. In section A.1 we discuss the procedure for
cleaning the event files from the telescope and in section A.2 we describe the spectral fitting method
of the source and background emission.

A.1

Data Reduction
Performing data reduction on XMM-Newton observations requires the latest version of the

SAS software tool. In this thesis SAS v17.0 is used. Additionally, the corresponding calibration files
for the time of observations need to be acquired (and can be found here: https://heasarc.gsfc.
nasa.gov/docs/xmm/xmmhp_caldb.html). The calibration files for XMM-Newton are regularly
updated to include current information about the CCD cameras onboard the telescope. Good
and bad pixels are identified as well as the efficiency of collecting X-ray photons for each pixel and
these are appropriately accounted for using the corresponding calibration files for each observation.
Damage and long-term use to the telescope affects the CCDs so, using the correct corresponding
calibration file is imperative to an accurate data reduction.
With SAS, one will be able to perform a standard data reduction which is comprised of the
following five basic steps:
1. Create calibrated event files for each CCD camera onboard (for MOS1, MOS2, and pn)
2. Effectively remove bad pixels and events out of the field of view
3. Extract a light curve at E>10 keV to inspect background emission and select a threshold
value for the count rate to remove parts of the observation affected by strong noise
4. Create a new event file with new threshold value and generate a light curve in the 2-5 keV
band to inspect soft proton flares
5. Add another threshold value of µ + 3σ (µ=count rate, σ=standard deviation) in the
2-5 keV band to generate the filtered event files for each camera.
Performing the five steps described above cleans the raw data accounting for instrumental
contamination (i.e. hot pixels and proton flares from particle interactions in surrounding environment) and some astrophysical background contamination (i.e. cosmic rays). Steps after this depend
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Figure 2: 0.5–10 keV XMM-Newton cleaned raw-data image of 2FHL J0826.1–4500. Faint X-ray
emission can be seen as an arc to the lower left corner of the image. The rest is emission coming
from the instrumental and astrophysical background.
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on whether the source is extended or not. The cleaning procedure will remove emission that spills
over from the camera’s FoV as well as ”bad events” (e.g. hot pixels and cosmic rays) and soft proton
flares. When this is done, the final cleaned raw image of the data is complete. See figure 2 for an
example of a cleaned raw-data image.
If the source is extended, the point spread function (PSF) of XMM-Newton needs to be
calculated for each observation and this will require the creation of another file, the detector event
file, and this will be used to determine the PSF in different parts of the detector and will become
important when developing the auxiliary response file for the spectral fitting procedure. If the source
is point like, this step is not required.
Regardless of extension, source and background regions need to be appropriately specified
with the selected background regions excluding any lingering point-like sources (see section 4 and
figure 4.3 for an application).
Once the regions are specified, source and background spectra can be extracted from the
cleaned raw data. First, re-scale the background contribution in the source area and then generate
the redistribution matrix file (RMF) to associate a proper photon energy with each CCD camera.
The last step will be generating the auxiliary response file (ARF). At this point, running grppha
assigns the spectra the proper RMF, ARF, and background files. It may be beneficial to group
counts in spectral bins to reduce noise and produce a better fit though this may make the spectral
fitting procedure more difficult if the signal to noise ratio is already low. Now the spectrum of the
source emission is ready to be inspected and fitted.
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A.2

Spectral Analysis
The spectral fitting for XMM-Newton data can be done with the latest version of HEA-

SOFT. In this analysis, the most recent version used is HEASOFT v6.19 [26] and resulting spectra
were fitted using XSPEC v12.9.1.
For each region, we extracted a spectrum for each CCD camera: MOS1, MOS2, and pn
and fitted them individually in XSPEC. Usually, the spectral fitting of bright, point-like X-ray
sources can be performed subtracting the background emission, since the signal-to-noise ratio of the
source is large enough that removing a small fraction of counts from the fitted spectrum does not
affect the quality of the analysis. In faint diffuse objects such as 2FHL J0826.1−4500, however,
the background subtraction approach can lead to a spectrum with not enough counts to perform
a proper spectral analysis. Consequently, the background must be carefully modeled and then use
the best-fit background model as an additional component in the fitting of the total, source plus
background, spectrum. In this work, we follow the background modeling approach used in [40], which
takes into account both the instrumental and the astrophysical background. The first is modeled as
a combination of quiescent soft protons, cosmic-ray induced continuum, and fluorescence lines; the
latter models both the emission from the Galactic Halo and the cosmic X-ray background.
The two different approaches, modeling the background versus subtracting the background,
are used to remove noise/emission not related to the source from the spectrum. Furthermore, the
statistics of the two methods varies slightly. In conditions of poor statistics, as is the case for
2FHL J0826.1–4500, the Cash statistic is more suitable than using χ2 [40]. The Cash statistic
requires the number of counts in each channel to be greater than zero and background modeling
does not require strong channel grouping, error propagation, or renormalization factors but, the
background subtraction method does.
In the following sections we will discuss both methods for dealing with background emission
for comparison.

A.3

Background Emission Treatment
Background Subtraction: As noted above, the background subtraction method is most

meaningful for bright point-like sources observed with XMM-Newton where subtracting background
emission from the spectrum does not take a significant portion of source signal with it. The regions
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defined as background regions during the data reduction process will be used in XSPEC to automatically re-scale the source area and directly subtract the background spectrum from the source
spectrum.
Background Modeling: Instead of subtracting the background from the overall spectrum,
it may be statistically preferred to reproduce a plausible background spectrum, taking into account
all possible contributors to the X-ray emission that is not coming from the region of interest. This is
the method used in order to perform a spectral fitting of 2FHL J0826.1–4500 and is first introduced
in [40]. Modeling the background accounts for the following components: the X-ray background
from the Galactic halo (described in XSPEC with the thermal model apec1 ), the cosmic X-ray
background (follows a pegged power law modeled with XSPEC component pegpwrlw), quiescent soft
protons (follows a broken power law modeled with XSPEC component bknpower), the cosmic ray
induced continuum (another broken power law), and finally, fluorescence emission lines that are
modelled with a gaussian (in XSPEC, gaussian).
It is worth noting that even though we added a threshold in the data reduction to reduce
noise from soft proton flares, contamination by this source is still certainly present and should be
modeled when using this method. At this stage of the spectral fitting, we should have a background
model and source model. The parameters of the background model are allowed to vary within 1σ
errors as this has been shown to be the most accurate when modeling the background.
In conclusion, depending on the brightness of the region of interest (ROI) in the X-rays
observed with XMM-Newton one may find one treatment for the background emission more suitable
than the other and so this should be considered when performing any spectral analysis.

1 Descriptions of XSPEC model components can be found here: https://heasarc.gsfc.nasa.gov/xanadu/xspec/
manual/Models.html
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A. Balzer, A. Barnacka, Y. Becherini, J. Becker Tjus, K. Bernlöhr, E. Birsin, J. Biteau, A. Bochow, C. Boisson, J. Bolmont, P. Bordas, J. Brucker, F. Brun, P. Brun, T. Bulik, S. Carrigan,
S. Casanova, M. Cerruti, P. M. Chadwick, A. Charbonnier, R. C. G. Chaves, A. Cheesebrough,
G. Cologna, J. Conrad, C. Couturier, M. Dalton, M. K. Daniel, I. D. Davids, B. Degrange,
C. Deil, P. deWilt, H. J. Dickinson, A. Djannati-Ataı̈, W. Domainko, L. O. ’. Drury, F. Dubois,
G. Dubus, K. Dutson, J. Dyks, M. Dyrda, K. Egberts, P. Eger, P. Espigat, L. Fallon, C. Farnier,
S. Fegan, F. Feinstein, M. V. Fernandes, D. Fernandez, A. Fiasson, G. Fontaine, A. Förster,
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D. Horan, X. Hou, G. Jóhannesson, T. Kamae, M. Kuss, G. La Mura, S. Larsson, M. LemoineGoumard, J. Li, F. Longo, F. Loparco, P. Lubrano, J. D. Magill, S. Maldera, D. Malyshev,
A. Manfreda, M. N. Mazziotta, P. F. Michelson, W. Mitthumsiri, T. Mizuno, M. E. Monzani, A. Morselli, I. V. Moskalenko, M. Negro, E. Nuss, T. Ohsugi, N. Omodei, M. Orienti,
E. Orlando, J. F. Ormes, V. S. Paliya, D. Paneque, J. S. Perkins, M. Persic, M. Pesce-Rollins,
V. Petrosian, F. Piron, T. A. Porter, G. Principe, S. Rainò, R. Rando, M. Razzano, S. Razzaque,
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